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INVESTIGATION OF PERFORMANCE COF SEVERAL DOUBLE-SHROUD
EJECTORS AND FEFFECT OF VARIAEBLE-AREA EXHAUST
NOZZLE ON SINGLE EJECTCR PERFORMANCE

By C. W. El11s, D. P. Hollister, and H. D. Wilsted

SUMMARY

An investigation was made to determine briefly the characteristics
of a double-shroud cooling-air ejector. Also, the performance of a single-

shroud sjJector having a clamshell-type variable-area actuating nozzle was
compared with that of an ejector having a conical nozzle.

For the models investigated, the experimental results indicabted
that the differences 1n the variable-grea and conical nozzle ejector
performance are due primarily to flow restrictions in the cooling pas-
sage lntroduced by the clamshell protrusions, rather than the nonplanar
and noncircular exit. The ilnvestigation of double-shroud-ejector per-
formance, while not completely general in applicetion, does indicate
that an ejector of this type could be designed to operate satlisfactorily,
that is, with a ratio of tertiary to secondary sair welght flow of
about 0.2. Imn order to obtain such performence, the difference between
the diasmeter ratios and spacing ratios of the two shrouds should be
small. .

INTRODUCTION

Tail-pipe cooling requirements for turbojet engines have increased
markedly wlth the use of afterburning for thrust asugmentetion. Further-
more, the required use of s variable-ares exhaust nozzle on tail-plipe-
burning engines complicates the cooling problem when ejector cooling-
alr pumps are used. A change in the veriable-aresa nozzle setting alters
the eJector configuration, and hence the ejector pumplng characteristics,
as shown by references 1 and 2. Also, if a clawmshell-type nozzle is
used, the nonplaenar and noncircular outlets may affect ejector pumping
characteristics as they have been shown to affect nozzle thrust 1n ref-
erence 3. The flow restrictions in the cooling-sir passage caused by
varisble-area nozzle protrusions, stiffeners, and actusting mechanism
msy also be expected to have some effect on cooling-system performance.
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As an integral part of some engines, a conventional, single~-shroud
ejector 1s supplied to cool the engine tall pilpe. In some alrcraft
installations, an additional quaentity of ailr is required for cooling
the aircraft structure. It 1s posslble that this additional cooling
air can be pumped by the additlon of an outer concentric ejector shroud
without apprecisbly affecting the performance of the primary ejector.
Because performance and design information are nonexistent for double-~
shroud-type ejJectors, a brief lnvestlgation of thelr performence has
been conducted at the NACA Lewls leboratory.

The double-~shroud ejector configurations used in the investlgations
described in this report were designed by an sircraft manufacturer for
application to a specific aircraft installatlon. These configurations
incorporated primary nozzles which simulated a clamshell-type variable-
srea nozzle. Although this investigetion was quite limlited in the
number of conflgurations investigated, sufficient data were obtained
to show trends in double-shroud-ejector performance resulting from
variations 1n length and exit diasmeter of both inner and outer shrouds.
Performance data were obtalned for each configuration over a range of
pPrimary-air and cooling-alr pressure ratlos with the varisble-area
nozzle simulated in both open and closed positions. The performance
of a single-shroud ejector having the variable-area nozzle was deter-
mined and compared with the same ejector shroud having fixed conical
primary nozzles.

SYMBOIS AND NOMENCLATURE
The symbols and ejector nomenclature used in this report are

defined with the help of the following schematlc sketch of a double-
shroud ejector:

Pa, _ l

£1 i DI Dr
ow — i
— ; N
"} .
Py Fs py 54




00S2

NACA RM E52D25 | e

DP exlt diameter of primary nozzle
Dg exit diameter of inner shroud
Dt exit diameter of outer shroud

Dg/D,  inner-shroud dlemeter ratio

I).b/Dp outer-shroud dlameter ratio

Fj gross thrust of primary nozzle with shrouds removed, 1b
Fej gross ejector thrust, 1b

Fey/F; gross thrust ratio

128 primary-stream total pressure, 1b/sq in. abs
Ps secondary-stream total pressure, Ib/sq in. abs
P tertiary~stream total pressure, lb/sq in. gbs

Pp/po primaery pressure ratio
Ps/PO secondary pressure ratlo

Pt/bo tertlary pressure rabtio

Po ejector-discharge pressure, lb/sq in. abs
Py stmospheric pressure, 1b/sq in. abs
Sg distence from primary nozzle exit to exit of inner shroud,

inner-shroud spacing

St distance from primery nozzle exit to exit of outer shroud,
outer-shroud spacing

SS/DP Inner-shroud spacing ratio

St/Dp outer-shroud spaclng ratio

T, primery-stream total temperature, °R
T secondary-stream total temperature, °R
Ty tertiery-stream total temperature, °R
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Wp primery weight flow, 1b/ sec
Wg. secondary weight flow, 1b/sec '
Wy, tertiary welght flow, lb/sec

WE/Wp secondary weight flow ratlo

Wy/W,  tertlary weight flow retlo

2300

APPARATUS
Ejector Research Facility

The eJector research facility shown in flgure 1 consists. of con-
centric ducting simulating an engine tail pipe and a cooling-sair pas- e
sage. The lower portion of the facllity swings freely to allow measure- o
ment of ejector thrust by means of a calibrated, strain-gage-type
thrust meter. The alr supplied to the primary nozzle and to the two
cooling-air passages is separately measured by A.S.M.E. flat-plate
orifices. The primary-alr total pressure was measured by a probe
projecting about one third of the duct dlameter into the stream. Total -
pPressure surveys had shown that measurements at this location gave the
gverage of the total pressure proflle. Prinmary-alr temperature was
measured by a single, bare-wire, lron-constantan thermocouple projecting
about one third of the duct diameter into the stream. Two pressure
probes snd two thermocouples were also provided in each of the cooling

The ejector discharged into an exhaust chamber in whilch the pres-
gure could be reduced to increasse the pressure drop across the eJjector.
The dlscharge pressure was measured by btwo statblc pressure probes at CoT
the 11p of the outer shroud. '

Ejector Models

The neozzles used to simulate & varleble~area nozzle in the ejector
models are shown in figure 2. The exlt of the closed nozzle was ellip-
tical and nonplanar end had a major axls of 3.4 inches and s minor axis
of 2.6 inches. The open nozzle haed essentially a planar and circular _ '
exit with a diameter of 3.66 inches. | L -

The relative locatlon of the shrouds with respect to the variable-
area nozzle is shown in figure 3. The inmer shroud hed & 4.5-inch-
dlameter exit. The length of this shroud was altered once during the
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investigation by cutting & portlon off the end, which made the exit
diameter 4.65 inches. The outer-shroud position could be varied by
inserting spacers between the inlet duct and the shroud. Two ouber
shrouds were used in this investigatlon, one having a 5.10-inch-diasmeter
exit and the other a 4.72-inch-dliameter exit. In order to determine
the effects of the double shroud on ejector performance, the ejector
performance was also determined with the outer shroud removed. Two
fixed conical primsry nozzles were evaluated during this investigation
so that their performance could be compered with that of the two
varlgble-ares primary nozzles. In order that the exit areas be approxi-
mately equal to the corresponding areas of the varisble-area nozzles
when open and closed, the conical nozzles had exit diameters of 3.66
and 2.90 inches, respectively. The corresponding half-cone angles were
6° 50t and 9° 22!,

PROCEDURE

The Ilnvestigation was conducted with atmospheric sair compressed to
40 pounds per squere inch gage and supplied st 80° F. Although ejector
performsnce was determined with 80° F primary and secondsry air and
therefore required no tempersture correction, the welght flow ratios
presented herein are multiplied.by'--JTs/Tp ag g reminder that the
application of these flow dabta to hot Jet lnstallations requires a
temperature correction. Varlous primary and cooling-air pressure
ratios were obtained by throttling the inlet air and/or reducing the
exit pressure in the plenum chamber. The pressures in the two cooling
passages were maintained approximetely equal to simulsbe & common inlet
and plenum chember for the two parellel cooling passages. The Jjet
thrust of the ejector was obtained by adding to the strain-gage read-
ing the negative force imposed on ‘the system by the dlifference between
atmospheric pressure and the ejector discharge pressure in the exhaust
Pplenum chamber. This force had previously been determined by
calibration.

RESULTS AND DISCUSSION
Mechanics of EJector Flow Systems

A somewhat simplified description of the ejector pumping mechanism
is that an ejector induces secondary or cooling-alr flow by virtue of
the high viscous forces set up at the boundaries of a free jet. If the
shroud is placed so as to leave & large gap between itself and the jet
boundary as shown in the following sketch, air can be entrained by flow
through either the fore or aft portion of the shroud. Restricting the
flow at the forward end of the shroud would not spprecisbly reduce the
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shroud pressure ©Pg because slr would flow into the shroud around the
jet. If the mixing tube is moved aft, however, until it is in contact
with the jet boundary, flow inward around the jet is made difficult.

Restricting the foreward end of the shroud would now result in a rela-.

tively large reduction 1n shroud pressure.

The operabtional mechanism of the simple ejector epplies equally
well to the double-shroud ejector. The addition of an outer shroud to
an ejector mey or may not affect ejector performance, depending on the
position of the outer-shroud exit with respect- to both the inner-shroud
exit end the expanding Jet. For exsmple, with coplanar shroud exits,
such as shown in the following sketch, _

Tertiary flow VA A Y A Second shroud
> _
\vsi 777 2772727777777 21017007 0 0L L ’—_.
Secondary flog i -
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flow
S~
—
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the expanding et cannot reach the outer shroud and 1t would be, there-
fore, quite ineffectusl in pumping air through the tertiary flow system.

2500
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If the inner shroud is very short and the oubter shroud long and if the
increase in diameter ratio is small, the inner shroud would be lneffective
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as an ejJector and the outer shroud would perform as a single ejector.

If the sir entering the secondary and tertlary flow systems has s common
source, such as shown in the preceding sketch, the inner shroud serves
only as a splitter with the alr flowing through the parallel passages by
virtue of the pressure gredient Py - Dpg. The inner shroud may serve as

a radiation shield and this configuration would serve, therefore, the

¢ purpose of a double-shroud ejector in that 1t would provide greater

protection to the alrcraft structure.

It was intended that the double-shroud ejector confiligurations
investigated have independent pumping for the secondary and tertiary
Plow systems. For thls case, the ejector configuration should lie
between the two extremes described in the last two sketches. To obtaln
a particular flow distribution requires a particular asrrangement of
inner and outer shrouds with respect to the jet. The experimental
investigation of the effect of the double-shroud-ejector configuretion
on ejector performance is discussed in a later portion of this paper.

Effect of Varigble-Area Primary Nozzle
on Ejector Performance

The ejector configurations under consildergtion not only incor-
porated double ghrouds but also included a varisble-ares nozzle. Because
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the varisble-area nozzle of the eyelid type generally has a nonplanar
discharge opening and generally poor exterlor configuration for an
efficient flow system, it was necessary to determine the magnitude of
these factors on ejector performence. In order to simplify the inves-
tigation, the megnitude of these effects was determined by comparing
the performance of a single-shroud ejector having in turn the varisble-
area and fixed comical nozzles (fig. 4). Both weight flow ratio and
jet thrust were grester with the conical nozzle. Because dlameter
ratlo, spacing ratlio, primery pressure ratio, and secondery pressure
ratio were duplicated, it was reasoned that the difference in perform-
snce must result from (a) the effects of the nonplanar and noncircular
exit or (b) restrictions in the secondary passage due to clamshell
sections.

The effect of restrictions in the secondary passage was Iinvesti-.
gated by adding to the comlcal nozzle a flange to reduce the secondary
passage area to that with the clamshell-type nozzle. This flange was
simply a brass ring l/B inch thick heving an inside diameter of .
3.75 inches and an outside dlameter of approximately 4.80 inches, which
was gttached to the conical nozzle at a point 1.54 inches from the exit.
As shown in figure 5, with equal cooling-alr-flow passage areas, weight
flow ratio and thrust ratio for the two ejectors were virtually equsl.
The effects of secondary-flow passage ares on performance, as shown in
figures 4 and 5, dempnstrate that it 1s not sufficlent to specify only
the spacing snd dlameter ratios to insure identical performance unless
these configurstlon parameters insure s unique cooling-alir-passage flow
ares and pressure drop, which will produce equdl pressures in the mix-
ing plane. Inaesmuch as msking the cooling-air-flow passage areas equal
practically eliminated the performance differences between the conical
and varisble-ares nozzle ejectors, it is concluded that the noncircular
and nonplanar exit of the variable-ares nozzle had a negligible effect
on ejector performance. '

Double-Shroud~Ejector Performance

Pumping characteristics. - The double-shroud ejector configurations
incorporeted the simulated variable-area nozzle. The protruslons on
the varieble-area nozzle created restrictions in the cooling-air pas-
sage, causing a reduction in ejector performance. The results of the
double-shroud ejector investigation are, therefore, applicable only to
the particular geometries used. Had the secondary total pressures been
measured downstream of the restriction, near the exit plane of the
nozzle, the results would have been more geperslly applicable. Never-
theless, as mentioned previously, the performence trends should be
indicative of those to be expected for other double-shroud ejectors.
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The pumping characteristics of the double-shroud-ejector configu-
retions with the open primary nozzle are compared with the single-shroud-
ejector performance in flgure 6. The addition of the outer shroud
increased the ratio of secondary to primsry weight flow for =ll con-
Pigurations investigated except conflguration D gt a primery pressure
retio of 3.7 (fig. 6(c)), which exhibited a smell reduction in secondary
welght flow ratio. Increasing the spacing ratio S‘b/Dp of the outer
shroud increased the secondary alr flow ratlo at s primesry pressure
ratio P /PO of 1.6, but as the pressure ratio was lncreased to 3.7
the treng was reversed for all but low secondary pressure ratios. The
tertiary weilght flow ratio, however, increased with increased spacing
throughout the range of conditions investlgsted. A reduction of both
outer-shroud diameter ratio and spacing generslly reduced both the sec-
ondary and tertlary weight flow ratio. Cutting back the lmner shroud
to glve s shorter spacling and lerger dlameter ratio (configuration F)
gave a configuretion which was far more sensitive to changes 1in primary
pressure ratlo than the other double-shroud-ejector configurstions.

The pumping charscterlstics of configurstions with the simulated
closed primary nozzle position sre shown in figure 7. As would be
expected, with the larger diameter ratlo configurastion the secondary
and tertlary weight flow ratlios are more sensitive to secondary pres-
sure ratio than the previous configurstions but are generally less
sensitive to small changes in configurstlion. At a primary pressure
ratio of 1.6, an Iincrease in outer-shroud spacing lincreased the sec-
ondary weight flow ratioc but had little effect on tertiary welght flow
ratio. At primery pressure ratios of 2.1 and 3.7, the change 1n the
outer-shroud spacing had little effect on the secondary and tertiary
welght flow ratios. At the hilghest primary pressure ratio, 9.4, an
increase in outer-shroud spacing generally decreased both the secondary
and tertiary weight flow ratios. A reduction in outer-shroud dlameter
retio and spacing (configuration DD compered to AA) generally had little
effect on the secondsry welght flow ratio but grestly reduced the
tertiary welght flow rgbtio. Cubting back the inner shroud to give a
larger diameter ratio and shorter spacing (configuration FF) generally
had 1ittle effect on eilther the secondary or tertiary welght flow
ratlos; this indicated that the outer shroud was generally providing
the ejector action for these configurations (AA through DD).

The use of tertiary air for elrcraft structure coeling generally
requires only one-fifth to one-tenth the alir required for tail-pipe
cooling. For most of the configurations investigated, the tertiary
alr flow tends to equal or exceed the secondary air flow. Configurs-
tions D and DD indicste, however, that by a reduction in the dlameter
and spacing ratios of the. outer shroud, the tertiary welght flow ratio
can be satisfactorily controlled.
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The operation of an engine with a varieble-area nozzle in conjunc-
tion with afterburning and nonsfterburning results in changes in both
cooling requirements and cooling-slr ejector performance. At spproxi-
metely take-off pressure ratlos, 1.6 to 2.1, the secondary and tertlary
cooling-air flow starts at lower secondary pressure ratios when the Jet
nozzle 18 in the open or afterburning position than vhen it is in the
closed or nonafterburning positlon, as shown by comparison of fig-
ures 6(a) end 6(b) with figures 7(a) and 7(b). However, at reasonsbly
high £light speeds (primery pressure ratioc of 3.7, and secondsry pres-
sure ratios above 1.05), the secondary cooling-sir flow would be much
greater for the closed primary nozzle or nonafterburning conflguration
as shown by comparison of figures 6(c) and 7(c). Even when the differ-
ences in primary gas temperatures between efterburning and nonefterburning
conditions are teken into account, the cooling-alr flow ratio would gen-
erally be greater wilth the primary nozzle in the clesed position., At
higher primary pressure retios this conditlon should be even meore pro-
nounced. The tertlary weight flow ratlo, however, may be elther larger or
smaller wvhen the primary nozzle is in the closed position, depending
on the conflguration used.

Thrust of double-shroud ejector. - The ratlo of ejector s8 thrust
to conlcal-nozzle (ejector shrouds removed) groes thrust Fej Fj 1s
shown in figure 8—Ffor the open-primary-nozzle configurations and in
figure 9 for the closed-primary-nozzle configurations. " The addition of
the outer shroud to the open primary-nozzle configurations generglly
reduced the thrust ratic at the low secondary and tertiary flow sysbem
pressure ratios. At high secondery and tertisry pressure ratios, the
addition of the outer shrouds increased the thrust restio at some con-
ditions. For the closed-nozzle configurations (f1g. 9), no consistent
thrust trends were evident.

A chenge from the closed-primary-nozzle configurations (fig. 9) to
the open-nozzle confilgurations (fig. 8) corresponding to a change from
nonafterburning to afterburning configurations did not result in any
general significant changes in thrust. However, at the lower primary
pressure ratios, opening of the primary Aczzle reduced the thrust
losges of the ejectors with larget outer-shroud spacing ratio as a
result of decreasing the overexpansion of the primary jet in the ejector
shrouds {compare configuraetion CC with C and DD with Dg. Gross thrust
losees as great as 12 percent were indicated at the low primary pres-
sure ratios with the configurstions investigated, and gross thrust gains
as large as 12 percent are indicated st a primary pressure ratlo of 9.4.
The gross thrust gains are & result of the combination of increased
mass flow and the actlon of the ejector simulating that of a convergent-
divergent nozzle gt the very high primary pressure ratios.
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Application of Data

The actugl performance of an ejector in a glven airplane installa-
tion willl depend upon the mgtch point of the flow system (a.ir gsource,
Inlet-diffuser pressure recovery, and cooling-system ducting losses)
and on ejector characteristics as a pump. A correctlon to the alr-flow-
retblo requlrements must be made for the ratio of cooling-air tempersture
to engine gas temperature as descrlibed in reference 2. However, this
correctlon wlll not be exact and et hlgh tempergbture ratios considersble
error may result as shown in reference 4. It 1s believed, however, that
the comparilisons shown are somewhat more pessimistlc than would hsve
been obtalned i1f the first requisite of model theory had been preserved,
namely, that the models be exact scale models of the ejectors used.

The effect of high temperature ratlios on performance has not yet
been completely defined. For ejectors with the secondary air flow
blocked off, an increase in jet-air tempersture 6 400° F has been
shown to reduce the ejector thrust a small amount (reference 5). For
much higher air temperstures, the thrust loss would tend to be greater
but with s secondary alr flow there isgs a cushioning effect on the
expansion of the primary Jet, which counteracts the flow characteristic
tending to reduce thrust. Until additional high-temperature dats are
avallable, 1t 1s necessary to asssume that the thrust performence to be
expected from full-scele double-shroud cooling-alr ejectors 1s reason-
gbly well indicated by the results of the model eJector investigastions.

Because of the restrictlons to secondary flow, the ejector data
presented herein are applicable only to ejectors having similar con-
flgurations. If the secondary pressure had been measured abt the plane
of the primary Jet nozzle exit, the pressure loss due to the restric-
tions would have been included in the ejector performance parameters
and would have made the data more genersl. The trends Ilndicated by
the date mey be used, however, as a gulde for double-shroud-ejector
design.

CONCLUDING REMARKS

Double-shroud-ejector configurations intended to supply separate
tall-pipe and fuselage coollng-alr systems have been briefly
investigated. Ten configurstions varying in both inner and outer shroud
diameter ratios and spacing ratios were examined over a wide range of
operating conditions. The data showed that & double-shroud ejector can
be designed to give a low welght flow through the outer shroud if the
outer shroud is so designed that there will be only a small difference
between the diameter and spacing rabtlios of the inner and outer shrouds.
Also, the addition of an outer shroud will not effectively alter the
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thrust of an _ejector if the difference in dismeter and spacing ratios
of the imner and outer shrouds is small, particularly at the higher
primary pressure ratios.

The use of the clamshell-type varisgble-area primary nozzle appeared
to have little effect on performance as a result of its nonplanaer and
noncircular exit. However, the moveble-clamshell restriction to flow
in the cooling-alr passage created a large pressure drop not accounted
for by the specification of the usual configurstbion parameters (diame'ber
and spacing retlos, and the cone angle of primery nozzle and shrouds)
The large pressure loss in turn sppreciably reduced the performance of
the ejector as & pump. :

Lewis Flight Propulsion Lgboratory
Netional Advisory Committee for Aeroneutlcs
Cleveland, Ohio.
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(a) Closed nozzle (b) Open nozzle

Pigure 2. - Nozzles used to simulate variable-area nozzle In ejector models.
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Contiguration | Nozzle |Dg/Dy|Sy/D, [Dy/Dy,[84/D5] Dy/Dg[B:/Dg
positlon )
A _ Open 1.23[ 0.61[ 1.39( 0.73] 1.13[0.094
B Open 1.235| .61 1.39| .82| 1.13| .167
c Open 1.23| .61f 1.39f .97| 1.13| .288
D Open 1.23| .61 1.29| .66| 1.05| .042
E Open 1.23| 61| ==m=| —===| memofeemae
F Open. 1.27| .42 1.38| .77| 1.10| .268
Apx Closed |{ 1.55| .55 1.76( .70| 1.13| .094
BB Closed | 1.55| .55| 1.76| .81| 1.13| .167
cc Closed | 1.55{ .55| 1.76| .99{ 1.13| .288
D Closed | 1.55| .55| 1.63| .62 1.05| .042
EE Closed | 1.55 .55| ==-=| =m=au| —meefomaen
¥F Closed | 1.6 | .26f 1.76| .69| 1.10{ .268

*Configuration AA same as A end BB same as B, etc., except
primary varilsble-area nozzle closed.

Figure 3. - EjJector notation and descriptlon of sjector models,
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